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Particle Dark Matter from Physics Beyond the Standard Model 

Konstantin Matchev'^* 

'^Physics Department, University of Florida, Gainesville FL 32611, USA 

In this talk I contrast three different particle dark matter candidates, all motivated by new physics beyond the 
Standard Model: supersymmetric dark matter, Kaluza-Klein dark matter, and scalar dark matter. I then discuss 
the prospects for their discovery and identification in both direct detection as well as collider experiments. 
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1. DARK MATTER AND PHYSICS BE- 
YOND THE STANDARD MODEL 

So far the existence of the dark matter (DM) 
is our best experimental evidence for new physics 
beyond the Standard Model. The most recent 
WMAP data confirm the standard cosmolog- 
ical model and precisely pin down the amount of 
cold dark matter as 0.094 < flcDAih'^ < 0.129, 
in accord with earlier indications. Nevertheless, 
the exact nature of the dark matter still remains 
a mystery, as all known particles are excluded 
as DM candidates. This makes the dark mat- 
ter problem the most pressing phenomenological 
motivation for particles and interactions beyond 
the Standard Model (BSM). 

The weakly interacting massive particles 
(WIMPs) represent a whole class of particle dark 
matter candidates which are well motivated by 
both particle physics and astrophysics. On the 
particle physics side, many BSM theories predict 
stable WIMPs. On the astrophysics side, the re- 
sult from the calculation of the WIMP thermal 
relic density falls in the right ballpark. WIMPs 
also offer excellent opportunities for detection: 
since they must have been able to annihilate suf- 
ficiently fast in the Early Universe, they should 
also produce observable signals in direct and in- 
direct dark matter detection experiments. 

Generally speaking, it is rather easy to cook 



* Present address: Institute for High Energy Phenomenol- 
ogy, Newman Laboratory for Elementary Particle Physics, 
Cornell University, Ithaca, NY 14853, USA. Work sup- 
ported in part by the US Department of Energy under 
grant DE-FG02-97ER41029. 



up BSM dark matter. The main steps in model- 
building arc the following: 

1. enlarging the particle content of the SM; 

2. introducing a symmetry which guarantees 
that one of the newly introduced particles 
is stable; 

3. fudging the model parameters until the 
lightest new stable particle is neutral and 
has the proper thermal relic density. 

In the next three sections I will illustrate this 
model-building recipe with three generic exam- 
ples of BSM theories with good DM candidates. 
Section |21 is devoted to supersymmetry |2] in 
its most popular version (minimal supergravity) , 
where the DM candidate is the lightest super- 
partner. In Section |2| I consider the model of 
universal extra dimensions |3] where the lightest 
Kaluza-Klein mode is the DM particle. Then in 
Section0|I discuss DM in Little Higgs theories 0]. 
In each case, after a brief introduction to the the- 
ory I will discuss why the DM particle is stable, 
what is its preferred mass range and what are the 
discovery prospects for its direct detection. The 
potential discovery and discrimination of these al- 
ternatives at high energy colliders is the subject of 
Section while Section |B1 contains a comparative 
summary and conclusions. The subject of distin- 
guishing these scenarios in astroparticle physics 
experiments in space is covered in J. Feng's con- 
tribution to these proceedings. 
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2. SUSY DARK MATTER 

Supcrsymmetry (SUSY) is a theory with extra 
dimensions described by new anticommuting co- 
ordinates 6a. The theory is defined in terms of 
superfields hving in super space {x^, 6}: 

0) = ^{x^') + V'"(x'')0a + F{x^')e''ea , (1) 

where the pair {0, -0} is a SM particle and its su- 
perpartner. Supcrsymmetry thus predicts a host 
of new particles, offering a potential solution to 
the DM problem. A robust prediction of SUSY 
is that each superpartner has couplings identical 
to and spin differing by 1/2 from the correspond- 
ing SM particle. Unfortunately, the superpartner 
mass spectrum is very model dependent as it is 
related to the details of SUSY breaking. 

All superpartners are charged under a discrete 
symmetry called i?-parity, which is a remnant of 
translational invariance along the 9 coordinates. 
The i?-parity assignments are -1-1 for SM particles 
and —1 for their superpartners. In many mod- 
els one requires that i?-parity is conserved, which 
provides a simultaneous solution to the proton 
decay problem. As a bonus, i?-parity conserva- 
tion guarantees that virtual supersymmetric con- 
tributions only arise at the loop level, thus avoid- 
ing constraints from precision electroweak data. 
As a result of i?-parity conservation, the lightest 
superpartner (LSP), being odd under i?-parity, 
is absolutely stable and becomes a DM candi- 
date. In the remainder of this Section, we shall 
restrict ourselves to the case of minimal super- 
gravity (mSUGRA) and describe the cosmolog- 
ically preferred parameter space with a WIMP 
LSP. 

2.1. The LSP as a SUSY WIMP 

The desired WIMP in supcrsymmetry is the 
lightest neutralino Xij which is a mixture of the 
superpartners of the hypercharge gauge boson 
(6°), the neutral SU{2)w gauge boson and 
the two neutral Higgs bosons /i"): 

X? = ai 5" + a2 + as hi + 04 /i^ ■ (2) 
In large regions of the mSUGRA parameter space, 
x\ indeed turns out to be the LSP. Its gaugino 
fraction R-^ 

i?x = |ai|2 + |a2p«|aiP (3) 
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Figure 1. Contours of constant gaugino fraction 
in percent, for tan/3 = 10, = 0, > 
and mt = 174 GeV. The (green) shaded regions 
are excluded from the requirement that the LSP 
be neutral (left) and the chargino mass bound 
from LEP (bottom and right). The light (yellow) 
shaded region in between corresponds to the pre- 
WMAP preferred range of 0.1 < VlK^ < 0.3. The 
red (dark) shaded region is the remaining param- 
eter space after WMAP. From Ref. |H1. 



is shown in Fig. ^ in the mo — M1/2 slice of 
the mSUGRA parameter space. The pre- WMAP 
(post- WMAP) preferred parameter space is also 
shown in yellow (red). We easily see two regions 
where Xi is a good DM candidate. The "coanni- 
hilation" region at low mg exhibits a gaugino-like 
LSP, whose relic density is diluted due to coan- 
nihilation processes involving t slcptons [S]. Al- 
ternatively, at large mg one finds the so called 
"focus point region" where the LSP has a 
non-negligible higgsino component, and annihi- 
lation is enhanced due to a complementary set of 
diagrams proportional to gaugino-higgsino mix- 
ing [7]. Unlike the coannihilation region, the fo- 
cus point region is characterized by heavy scalar 
superpartners, and as a result all virtual super- 
symmetric effects are suppressed [H]. In the ab- 
sence of any significant discrepancies from the 
SM, the focus point region tends to be preferred 
in global fits to the data |10| . 
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Figure 2. Elastic cross-sections Up" for spin- 
independent Xi scattering on protons from two 
different codes (circles and crosses) for the 13 
benchmark points of ^^l- Projected sensitivities 
for CDMS II 113 (solid line) and GENIUS ^ 
(dashed line) are also shown. From Rcf. [llj . 



2.2. Direct detection of SUSY dark matter 

The prospects for direct detection of SUSY 
WIMPs in experiments sensitive to spin- 
independent (spin-dependent) WIMP-nucleon in- 
teractions arc depicted in Fig. |21 (Fig. O d], for 
the set of 13 SUSY benchmark points from |12| . 
We see that spin-independent scattering offers the 
best possibilities for detection - about half of the 
benchmark points fall within the sensitivity range 
of the upcoming experiments. Unfortunately, we 
also see that due to accidental cancellations, one 
cannot place a firm lower bound on the predicted 
signal (see, e.g. points D and K). 

Regarding spin-dependent scattering, the 
prospects are less optimistic, as all 13 benchmark 
points fall far below the experimental sensitivity. 
Therefore, a likely signal in the spin-independent 
channel will still leave open the question of the 
exact nature of the DM particle, and its spin, 
in particular. In the next two Sections, we shall 
describe alternative DM candidates whose main 
difference from SUSY WIMPs is their spin. 



Figure 3. The same as Fig.|21 for spin-dependent 
Xi scattering on protons. The solid line is the pro- 
jected sensitivity of a 100 kg NAIAD array |15| . 
From Rcf. [Ul- 



3. UNIVERSAL EXTRA DIMENSIONS 

Universal Extra Dimensions |3] is an extra di- 
mension theory with new bosonic coordinates y 
(in the simplest case of only one extra dimension, 
y spans a circle of radius R): 

oo 

$(a;^,y) = (j){x^')+^(j)"{x'')cos{ny/R) 
1=1 

oo 

+ ^x"(2:^)sin(ny/i?) (4) 

i=l 

Each SM field (j) {n = 0) has an infinite tower 
of Kaluza-Klein (KK) partners and x" with 
identical spins and couplings and masses of or- 
der n/R. In order to obtain chiral fermions, the 
extra dimension is compactified on an S1/Z2 orb- 
ifold. Fields which are odd under the Z2 orbifold 
symmetry do not have zero modes ((/) = </)" =0), 
which allows us to project out the zero modes 
of the fermions with the wrong chiralitics and the 
5th component of the gauge fields. The remaining 
zero modes are just the Standard Model particles 
in 3+1 dimensions. 

A peculiar feature of UED is the conservation of 
KK number at tree level, a simple consequence of 
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Figure 4. One-loop eorrected mass spectrum of 
the first KK level in UED for R-^ = 500 GeV and 
SM Higgs mass = 120 GeV. From Ref. [T^. 



Figure 5. The Weinberg angle On for the first few 
KK levels as a function of R^^ . From Ref. |17| . 



momentum conservation along the extra dimen- 
sion. However, bulk and brane radiative effects 
|16I17| break KK number down to a discrete con- 
served quantity, the so called KK parity: (—1)", 
where n is the KK level. KK parity ensures that 
the lightest KK partner (LKP) at level one, being 
odd under KK parity, is stable and can be a DM 
candidate. Similar to the SUSY case, new physics 
contributions to various precisely measured low- 
energy observables only arise at the loop level and 
are small. 

3.1. The LKP as a UED WIMP 

Including the one-loop radiative corrections, 
the mass spectrum of the level 1 KK-partners (see 
Fig. 01) exhibits striking similarities to supersym- 
metry [HI. The LKP is a neutral WIMP which 
is a linear combination of the first KK mode Bi 
of the hypercharge gauge boson and the first KK 
mode Wi of the neutral SU{2)w gauge boson. 
The mass matrix for the neutral gauge bosons at 
level n has the form 



Upon diagonalization, we find the Weinberg angle 
Qn at KK level n shown in Fig. |31 We see that 



while at tree level 6'„ is identical to the SM value, 
at one loop it is rather small. As a result, the 
LKP is predominantly in analogy to the case 
of 6° in SUSY. 

3.2. Relic density of KK dark matter 

The relic density of Kaluza-Klein dark matter 
can be readily computed ^^l- Unlike the case 
of supersymmetry, where the LSP is a Majorana 
fermion, here the LKP is a vector particle and 
the helicity suppression is absent. The LKP relic 
density 
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is mostly determined by the a-tcrm in the ve- 
locity expansion of the annihilation cross-section, 
where ^1 



a? 3807r 
a = — ^ ; - 



al 957r 
162' 



(6) 



Here Mkk ~ is the LKP mass, x'p} = 

Tf/Mkk is the dimensionless freeze-out temper- 
ature and is the hypercharge gauge coupling 
constant. Unlike supersymmetry, coannihilation 
processes in UED lower the preferred LKP mass 
range (see Fig. EJ. 
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Figure 6. Prediction for flcDAih^ in UED as a 
function of the LKP mass Mkk ~ The 
sohd hne is the case of no coannihilations while 
the dashed (dotted) hnes are for the case of coan- 
nihilations with one (three) generations of KK 
leptons and different degrees of mass degeneracy. 
From Ref. 



3.3. Detection of KK dark matter 

The prospects for direct detection of KK dark 
matter are summarized in Fig. [7| [201 • As in the 
case of SUSY, only spin-independent probes ap- 
pear promising, since precision data has ruled 



out R-^ < 250 GeV ^ 
for mh = 120 GeV and 



. The predictions are 
0.01 < r = (Mq, - 
Mbi)/Mbi < 0.5, with contours for specific in- 
termediate r labeled. A nice feature of UED is 
the constructive interference of the relevant dia- 
grams, guaranteeing a lower bound on the detec- 
tion rate, which is evident in Fig. 



4. LITTLE HIGGS THEORIES 

Little Higgs theories alleviate the Higgs hierar- 
chy problem by eliminating the quadratic diver- 
gence in the Higgs mass correction at one-loop 
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Figure 7. Range of predicted spin-dependent 
proton cross sections (dark-shaded), along with 
the projected sensitivity of a 100 kg NAIAD ar- 
ray |15j : and predicted spin-independent proton 
cross sections (light-shaded), along with the cur- 
rent EDELWEISS sensitivity and projected 
sensitivities of CDMS [T3|, GENIUS [HI, and 
CRESST From Ref. PHI- 



(Fig. New particles are introduced around 
the TeV scale and their couplings are such that 
the quadratic divergence cancels for each vertical 
pair of diagrams in Fig. |S1 The special values of 
the couplings are guaranteed by a symmetry, as 
the Higgs boson is a pseudo-Goldstone boson. 

However, generic Little Higgs models give tree- 
level contributions to precision data and are 
severely constrained [23 ■ One possible solution 
is to postulate a conserved T-parity |25j . which 
may have a geometrical origin in theory space. 
The SM particles are chosen to be even under 
T-parity while all new particles are odd. This 
ensures that the lightest T-odd particle (LTP) is 
stable and again may serve as a DM candidate. 

4.1. Dark matter in Little Higgs models 

The relic density of little Higgs dark matter was 
studied in [23 for a specific model with a scalar 
LTP A^i, which is a mixture of an SU(2)-triplet 
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Figure 8. Top: SM diagrams leading to a 
quadratic divergence in the one-loop Higgs mass 
correction. Bottom: New physics contribu- 
tions from Little Higgs theories which cancel the 
quadratic divergence. 



ip% and an SU(2)-singlet rfl (see Fig.|21l 

iVi = cos 0r,^ r/l + sin 0r,^p (fil . (7) 

The absence of a helicity suppression requires rel- 
atively large masses m^Vi for the LTP WIMP case. 
However, for 150 GeV < rriff^ < 350 GeV, anni- 
hilation into tt and hh is very efficient (even if Ni 
is a pure singlet) and there is no preferred region 
for any value of the mixing angle 6rf^. 

5. SUSY-UED DISCRIMINATION 

We saw that the superpartners and level 1 KK 
partners in UED may have a very similar spec- 
trum. In addition, both models have a DM can- 
didate which could give a signal in upcoming dark 
matter detection experiments. The natural ques- 
tion then is, how can one distinguish the two sce- 
narios? The two basic methods are: producing 
and studying the dark matter at a high energy 
collider; or looking for certain indirect DM sig- 
nals EH. 

Recall that the mass spectrum at each KK level 
in UED is rather degenerate (Fig. EJ. The typi- 
cal UED collider signatures therefore include soft 
leptons, soft jets and a modest amount of ^It- 
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Figure 9. Preferred relic density regions (green, 
light shaded) as a function of cos 9rjip and TTijVi- 
From Ref. |^. 



5.1. Hadron colliders 

At hadron colliders one would like to use the 
strong production of KK-quarks and KK-giuons, 
followed by a decay chain through and , 
whose decays always yield leptons and/or neu- 
trinos (see Fig. ^ . Inclusive pair production of 
SU{2)w doublet quarks Qi results in a clean 
AilpT inclusive signature with a reasonable rate. 
This channel was studied in ^21 for both the 
Tevatron and the LHC and the resulting reach 
is shown in Fig. ^| We see that for nominal inte- 
grated luminosities the LHC will see a UED sig- 
nal throughout all of the cosmologically preferred 
range (see Fig.EJ. However, UED and supersym- 
metry can be easily confused at hadron colliders, 
where spin determinations are rather challenging 
because of the unknown parton-level center-of- 
mass energy in the event. 

5.2. Linear colliders 

In contrast, at linear colliders the information 
about the spin of the produced particle is encoded 
in the angular distributions of its decay products. 
Consider, for example the two similar scenarios of 
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Figure 10. UED discovery reach at the Tevatron 
(blue) and the LHC (red) in the M^t channel. 
We require a 5a excess or the observation of 5 
signal events, and show the required total inte- 
grated luminosity per experiment (in fb~^) as a 
function of i?-^ From Ref. [TH|. 



KK-muon production in UED 

e+e" ^illil ^t+/i"7i7i (8) 
and smuon production in supcrsymmctry 

(9) 



The angular distribution of the KK-muon fii 
(with respect to the beam axis) is given by 



da 



1 + cos ( 



o?cos 9 

while for the smuon // we have 
da 



dcos ( 



1 — cos ( 



(10) 
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In practice one measures the muon scattering an- 
gle 6*^, which is significantly different for the two 
cases at hand (Fig. Ill|l . In addition, the spin 
difference is reflected in the total cross-section, 
which can be measured very well, as well as in 
the energy dependence of the total cross-section 
at threshold. 



Figure 11. Differential cross-section da /d cos 6^ 
for fii production ((SJ in UED (blue, top) and fl 
production in supcrsymmctry (red, bottom), 
as a function of the muon scattering angle 6*^. We 
have chosen R^^ = 500 GcV in UED and then 
adjusted the SUSY breaking parameters until we 
get a perfect spectrum match |28| . 



6. CONCLUSIONS 

Table Q] summarizes the main features of the 
models discussed in Sections I2I4I By now there 
are several well-motivated alternatives for BSM 
WIMPs and discriminating among them will be a 
challenge for the upcoming direct detection and 
hadron collider experiments. In this sense, as- 
troparticle physics experiments in space may play 
an important role as discriminators among vari- 
ous DM alternatives and thus provide important 
clues to the identity of the dark matter. 
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